Abstract. Transcranial Magnetic Stimulation (TMS) allows neuroscientist to study human brain behaviour and also become an important technique for changing the activity of brain neurons and the functions they sub serve. However, conventional manual procedure and robotized TMS are currently unable to precisely position the TMS coil because of unconstrained subject's head movement and excessive contact force between the coil and subject's head. This paper addressed this challenge by proposing an adaptive neuro-fuzzy force control to enable low contact force with a moving target surface. A learning and adaption mechanism is included in the control scheme to improve position disturbance estimation. The results show the ability of the proposed force control scheme to compensate subject's head motions while maintaining desired contact force, thus allowing for more accurate and repeatable TMS procedures.
Introduction
Recent developments in the neuroscience area have heightened the need of robotized Transcranial Magnetic Stimulation (TMS) system to study human brain behaviour. In the TMS procedure, an electromagnetic coil is placed over the head, and a large but brief current pulse is produced and passed through the scalp [1] . The changing magnetic field which this generates induces a current in the conductive tissue of the head including the underlying cerebral cortex.
The cortical activity produced by TMS is critically dependent on coil location and orientation. Currently, the coil is positioned manually, which can be a problem for precise clinical evaluation and experiments of the TMS technique.
Although the TMS technique is very useful, it is not yet widely accepted because of the observed inconsistency of efficiency between subjects. TMS coils produce very dense and defined fields, which mean that a small movement of the coil position leads to a substantial change of the electromagnetic field delivered to a target nerve. It is due to the difficulty to indicate correct positioning with the current available stimulation systems which leads to poor repeatability [2] [3] .
This leads to applications of robotics in TMS to position the coil for efficient and reliable TMS procedures. Robot assistance in TMS procedure has been reported by a number of researchers [2] [3] [4] [5] [6] . These existing TMS robotic systems, which aim at replacing the hand and the arm of neurologist, are particularly focused on image-guided by means of navigation system to position the coil on subject's head.
Despite its safety and efficacy, current researchers are unable to address the force control as an important feature of the TMS procedure. Most of the research to date has tended to focus on image-guided and navigation system and neglected the study on contact force between the coil and the subject's head which is crucial. Excessive contact force between the coil and unconstrained subject's head may harm the subject.
During conventional hand-held procedure test, the following issues were observed and can be considered as challenges to the force-controlled TMS robot system implementation;
1. The applied force exerted by the operator along normal direction to the subject's head surface was found ranging from 6N to 10N in which the operator keeps the coil in close contact to the hot-spot position. 2. The subject's head geometrical, inertial and structural stiffness properties are totally unknown and vary from one subject to other subjects. 3. During the treatment, even the subject is in relax and conscious condition there is a higher possibility of involuntary head movement due to tremor, muscle contraction or relaxation involving to-and-from movement.
Human head-neck motion estimation
Human head-neck movement is extremely complex and is not completely understood. There is a considerable amount of literature published on this topic, however it is still impossible to model the head-neck system totally because of several factors namely; head-neck sheer complexity and lack of quantitative data on material properties, geometries and boundary conditions of individual tissues [7] [8] [9] [10] [11] . The outcome suggests that there is tremendous variation in the types of biomechanical models to approximate the human head-neck system [12] . This is due to the consideration of task, for example, slow voluntary movement is differed than movement resulting from an impact to the head or during walking. In addition, researchers also suggest those horizontal and vertical movement kinematics is coupled as the same muscles are involved in both types of movement [7] [12]. Typically, the movement is assumed to be a straight path with a single peak and bell-shaped velocity profile [13] [14] [15] . The problem is simplified from a task specification point of view in which force control is executed along the normal direction to the subject's head surface. Thus, it is necessary to establish the translational movement of the unconstrained head in relax and seated condition along this direction. A linear relationship between rotational and translational movement was established as described in following section.
Ellipsoidal shaped head geometry
An ellipsoidal shape was chosen to define the head geometry as it exhibits elevation as well as azimuth dependence [16] . To express the head geometry analytically, consider the head pitch movement (θ p ) around the rotation axis which is the centre of the ellipsoid as shown in Figure 1 . 
Combining equations (1), (2) And (3), thus x 0
where, a is a distance from centre of rotation axis (approximately 30 mm inferior to the interaural axis [11] to the y 1 point and b is the half of human head width). where r, (x,θ) and (υ,ω) are the vector directed from the axis of rotation, translational and angular position and translational and angular velocity respectively. To guide this analysis, the head movement parameters were estimated by considering various research studies. Ferman et al. [8] suggest that the subject head oscillate about 0.25 rad/s to 1.05 rad/s (amplitude about 10 degrees) in the horizontal, vertical or torsional plane during seated position while fixating target at optical infinity. This corresponds to 40-160mm/s translational velocities. This is almost consistent with the findings of [18] that investigated the amplitude of head rotation for the subject seated stationary in defined 'relax' and 'still' position with the head in a resting and facing forward. Their studies found the approximately similar oscillations of 0.5 rad/s to 1.5 rad/s in both conditions. These calculation parameters can be considered as motion disturbances to the force controller and will be used in following experimental programme. Figure 2 illustrates the block diagram of the force control architecture based on [19] [20] [21] [22] as implemented in the TMS robotic system. Both internal position and external force control loops are performed in Cartesian coordinates. Prior to programming the robot to perform the TMS operation tasks, the issue relating to force control stability was first addressed. The implementation of a conventional PI force controller in TMS robotic system was found to be difficult. The preliminary test result suggests that unknown or uncertain environment stiffness and positional disturbance would drive the system into undesired behaviour. Thus, an intelligent approach is proposed to overcome these identified problems as discussed in the following section.
Force Control Scheme

Adaptive Neuro-Fuzzy Force Controller based on MRAC
The Adaptive Neuro-Fuzzy Force Controller (ANFFC) structure is similar to that of a classical model reference adaptive control (MRAC) method as shown in Figure 3 . The general idea of MRAC is to create a 'parameter adjustment' algorithm based on the model error ε to change the system response to match a desired model. The output of the parameter adjustment algorithm δ approaches unity as the system response tends to desired response. The ANFFC consists of three main components: a reference model describing the desired behaviour of the force control scheme, a main Neuro-Fuzzy force controller (NFFC) that determines the adjustment to the position control loop and Neuro-Fuzzy learning and adaption mechanism (NFLA) that modifies the NFFC output.
The implementation of ANFFC is to compensate for any unknown or significant change in environment parameters that may lead to overshoot and undershoot error responses. This method behaves in a similar way to a human does, as we do not apply every control rule for particular situation but moderately adjusts the existing Neuro-Fuzzy Force Controller (NFFC) corresponding to the actual situation. The Neuro-Fuzzy [23] [24] [25] concept is applied to determine and generate the effective parameter adjustment algorithm. 
Reference Force Model
The reference model (equation 6) is chosen to generate the whole system desired behaviour in response to a force trajectory. In this research, the reference model is generated using the MATLAB ® System Identification Toolbox™ software. Prior to that, a step force response test was conducted to identify the input-output data set of desired behaviour of force control system. The desired behaviour criteria are 0.2s rise time, overshoot of 10% with 5% steady-state error.
The input-output data was used to estimate a secondorder linear system parameters and the model output is validated by using model-output plot where the identified model accurately fit the measured data of ~90%. (6) where damping ratio, ζ and natural frequency, ω are 0.35 and 10 respectively.
Design of Neuro-Fuzzy learning and adaption mechanism
The purpose of the NFLA is to learn and adapt to any changes in the environmental parameters and subsequently modify the NFFC output accordingly so that the overall system response is as close as possible to the desired reference model. The NFLA inputs are the difference between the reference model output and the measured contact force ε and the rate of error ∆ε. Its output is the parameter of factor adjustment δ which is used to modify the output of NFFC. The method is very useful in compensating any disturbance caused by environment position (moving object) which is a key requirement for the TMS robotic system. The NeuroFuzzy approach was applied to evaluate the degree of influence of the undesired response, and consequently, the adjustment algorithm generates a larger factor adjustment parameter for the larger undesired oscillation and unexpected overshoot/undershoot error. Similarly a
smaller value is generated if the measured force is closed to the desired response.
The rule-base is created as follows;
If ε(k) is ε i and ∆ε(k) is ∆ε i , then output is δi To begin with, the environment movement can be classified in terms of the sign of the model error ε: 1) Negative if the object moves towards the Stäubli robot 2) Positive if the object moves away from the Stäubli robot Similarly the force controller behaviour can be defined by the rate of error sign as summarized in Table 1 . 
Experimental Evaluation
This section describes how the force controller is able to accommodate a dynamic environment which is not stationary; namely a sequence of ramp inputs with/without parameter adjustment algorithms. Figure 4 illustrates the schematic diagram of ANNFC test set up. The Stäubli robot is first moved down at an approximate 10mm/sec until it makes contact with the ball. Once contact is made, the force control law is activated in which the robot was commanded to maintain 5N contact force in the z axis direction. Then, after approximately 7seconds the PUMA robot is moved about 10mm in towards direction (from position B to A) to the Stäubli robot with a speed approximately 2mm/sec. Another PUMA robot movement (from position A to B) was applied for the same travel distance. Note that, neither environment stiffness nor its position is known to the robot controller. Figure 5 shows the results of force and position (along z axis) during this test. There was a significant difference between the conventional PI and the ANFFC controllers. It is apparent from the data in Figure 5 , that the conventional PI force controller drives the manipulator into an unstable limit cycle. The problem can be attributed to the rapid changes in movement (either robot or environment) that leads to impulsive forces on the system. The form of the signal shows the PI controller was trying to compensate the impulsive force, but failed to do so. In this condition, it is desirable if the Stäubli robot can moves at velocity equal to the environment speed. Consider the situation in which the environment moves towards the robot very rapidly, the large force error occurs before the robot controller can react to it due to small calculated incremental position. This results in the robot springing backward rapidly. Similar pattern is observed during away movement, if the environment movement speed is higher than resultant incremental position, the robot momentarily leaving contact with the environment. This inevitably results in repetitive bouncing action until the environment stop moving. Clearly, the dynamics of the force-controlled system are now considered to be extremely complex with many unknown independent factors. Thus the task of maintaining force response, as position changing with the conventional PI controller only is impossible. The PI gain scheduling and Neuro-Fuzzy methods were successfully implemented in TMS robotic system and demonstrated improvement for the control system. Experimental results have shown the effectiveness of the proposed controller particularly for unknown/variable environment stiffness as well as in condition when the environment parameters and position are unknown and change substantially. In addition, the proposed method also employs a learning and adaptive mechanism to adjust a main loop Neuro-Fuzzy force controller online. The purpose of this mechanism is to learn the environment and adapt the controller accordingly. Adaption consists of comparing the model reference error and using the derivative of error as the input to the Neuro-Fuzzy algorithm. Any undesired response is immediately compensated with a suitable adjustment parameter according to the response behaviour.
Results and Discussion
Conclusion
